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Today's mitochondrial genomes are an evolutionary remnant of
the endosymbiont which colonized pre-eukaryotic cells about
2 billion years ago [1]. Subsequently most of its genes were either
lost or transferred to the nuclear genome. Despite the monophyletic
origin of mitochondria organization of mitochondrial genomes, RNA
processing and RNA decay pathways are diverse in cells of different
eukaryotic organisms. Plant mitochondrial genomes are relatively
large, encode 50–60 genes, some of which contain introns. The genes
have multiple promoters driving expression of monocistronic or
polycistronic transcripts. The decay pathway of plant mtRNA is
dependent on post-transcriptional addition of poly(A) tails. The yeast
Saccharomyces cerevisiaemitochondrial genes are transcribed from 13
promoters, some genes contain multiple introns, but mRNAs are not
polyadenylated and RNA stability is achieved by the encoded AU-rich
sequence at the 3′ ends [2].
The miniature mammalian mitochondrial genomes are organized
in an extremely compact way; they are about 16 kbp long and encode
only 13 proteins plus two ribosomal RNAs and a set of tRNAs neces-sary to translate the encoded subunits of the oxidative phosphory-
lation complexes [3]. Proper expression of mitochondrial genes is vital
for functioning of mitochondria, but since approximately 1500 other
mitochondrial proteins are nuclear-encoded, a precisely tuned
regulation of gene expression of both genomes is necessary.
Disturbances in proper functioning of mitochondrial gene expres-
sion have been implicated in many human conditions including aging,
cancer and neurodegenerative diseases [4–7]. Thus understanding the
mechanisms of mtDNA expression is of importance, but despite many
years of investigations, many aspects of mammalian gene expression
are still unknown or are the subject of controversy.
Human mitochondrial transcripts are synthesized as polycistronic
molecules complementary to the H-strand and L-strand of the
mtDNA. Subsequently the long primary transcripts are quickly
processed into mRNAs, tRNAs and rRNAs by endonucleases acting in
most cases speciﬁcally at tRNA sequences ﬂanking mRNAs and rRNAs
[8]. In principle this tRNA-punctuation processing should result in
stoichiometric amounts of all mtRNAs, but the ﬁnal concentration of a
given RNA also depends on premature termination of transcription [9]
and on RNA degradation.
In all biological systems RNA decay plays three important roles:
it determines the half-life of a given RNA species, it destroys the
aberrantly formed RNA molecules which might interfere with the
translation machinery, and it degrades the processing intermediates.
This is particularly important for human mitochondria, as the large
polycistronic RNA transcribed from the L-strand contains only one
polypeptide (ND6) and 8 tRNAs, while the remaining vast intergenic
regions do not seem to play any physiological role.
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So far the best characterized mitochondrial RNA decay system has
been described for the yeast S. cerevisiae, because both genetical and
biochemical analysis was available. Yeast RNA turnover is accom-
plished by the two-subunit protein complex called mtEXO or
mitochondrial degradosome. It consists of an RNA helicase encoded
by the nuclear gene SUV3 [10] and of an exoribonuclease encoded by
the nuclear gene DSS1 [11]. Both proteins form a complex where the
helicase feeds the RNA substrate at the expense of ATP hydrolysis
into the active center of Dss1 ribonuclease, and the degradation
reaction proceeds from the 3′ end to 5′ end yielding nucleosidemono-
phosphates [12]. Mutations inactivating either of the two enzyme
subunits result in a plethora of phenotypes: yeast cells stop respiring,
mitochondrial translation is abolished, mtDNA is unstable and various
abnormal RNAs accumulate, including unprocessed precursors,
introns, and transcripts with abnormal 5′ or 3′ termini [13–15].
The yeast mitochondrial degradosome functions as a regulator of
mature RNA half-life and as a surveillance system, degrading unneces-
sary or aberrant RNA molecules [14]. Interestingly, most of the SUV3
or DSS1 mutant phenotypes can be suppressed when a secondary
missense mutation in either of the two subunits of the mtRNA poly-
merase is introduced [16]. This phenomenon shows that a reduction
in transcription efﬁciency can rescue the effects of perturbations in
RNA decay: thus the proper balance between synthesis and decay of
mtRNA is essential for functioning of mitochondria. It is important to
note that there is no polyadenylation in yeast mitochondria, instead
an A-rich twelve nucleotide sequence called dodecamer is encoded at
the 3′ end of each of the mRNAs [17].
Orthologous two-subunit complex has been also found in
mitochondria of Trypanosoma [18], where it was shown that subunit
of this complex (TbDSS-1 exoribonuclease) participates mainly in
RNA surveillance [19,20]. In mitochondria of Schizosaccharomyces
pombe, interestingly, the latter was found to affect RNA processing
exclusively [21].
3. RNA surveillance and decay in human mitochondria:
the involvement of hSuv3p helicase
The search for enzymes responsible for human mtRNA turnover
and surveillance has proven to be difﬁcult. The human nuclear
genome encodes an orthologue of the yeast Suv3 helicase (SUPV3L1;
hSuv3p; Suv3), but no orthologues of the Dss1 exoribonuclease were
found. The hSuv3p helicase localizes predominantly to the mitochon-
drial matrix, but small amounts could be detected in the cell nucleus
[22]. In vitro studies showed that the enzyme is an ATP-dependent
multisubstrate helicase, able to unwind dsDNA, dsRNA and RNA–DNA
heteroduplexes [23,24]. Experiments using a dominant-negative
hSuv3p mutant and siRNA knockdown revealed that the helicase is
indeed necessary component of the RNA turnover system in human
mitochondria: it regulates the half-life of correctly formed mature
mRNAs, the decay of aberrantly formed transcripts and the rapid
degradation of processing intermediates, which are derived predom-
inantly from the L-strand transcripts [25]. Perturbation of the hSuv3p
activity signiﬁcantly inhibits RNA degradation and therefore reveals
RNA species that are impossible to detect in normal cells due to their
extremely short half-life. One of such class of RNA is so-called mirror
RNAs: i.e. antisense RNA transcribed and processed from the opposite
strand of mitochondrial genome and subsequently polyadenylated
and degraded [25]. It remains to be seen if mirror RNAs are only an
unnecessary processing by-product or if they play a regulatory role in
translation or mtDNA replication.
Interestingly, perturbations in the hSuv3p helicase activity
resulted in lengthening of the poly(A) tails of several mitochondrial
transcripts [25]. This may indicate a functional coupling between
polyadenylation and degradation: the balance between synthesis andtrimming of the poly(A) tails would regulate the stability of a given
transcript.
In addition to its mitochondrial functions, the hSuv3p helicase is
present in the nuclei, where it interacts with WRN and BLM helicases
[26], both implicated in ensuring chromatin stability and DNA repair.
The hSuv3p protein was also found to form a complex with HBXIP
protein, which is a necessary partner of survivin in suppression of
apoptosis [27]. So far it is not clear how this multiple subcellular
localization is achieved, are mitochondria a reservoir of hSuv3p or
separate pools of the protein co-exist in the cell.
4. The diverse functions of polyadenylation
Polyadenylation is a template-independent process where aden-
osine residues are covalently attached to the 3′ end of RNAmolecules,
forming a poly(A) tail which can be as long as several hundred
nucleotides in the case of nuclear-encoded eukaryoticmRNAs, but only
about 50 nt for mammalian mitochondrial mRNAs. Polyadenylation is
common to all living organisms, but, interestingly, it plays opposite
roles in various taxa: in eukaryotes nuclear transcripts generated by
polymerase II are stabilized by polyadenylation which occurs con-
comitantlywith transcription termination andmaturation events [28].
The newly synthesized poly(A) tails bind speciﬁc poly(A)-binding
proteins which control the length of the tail, ensure protection from
degradation, and enable the release of mRNA from its template, its
export to the cytoplasm and subsequent interaction with the 5′end of
the mRNA which enables translation [29].
In contrast to the above, polyadenylation is a degradation signal
for bacteria, several Archaea, chloroplasts and plant mitochondria, so
the poly(A) tail is synthesized as the “kiss of death” and is a necessary
step in recruiting exonucleases to the 3′ end [30,31]. Interestingly,
polyadenylation-dependent RNAdegradationwas recently discovered
in the nucleus of S. cerevisiae, Drosophila melanogaster and humans
[32–34]. The yeast S. cerevisiae complex called TRAMP is responsible
for polyadenylation of aberrant nuclear rRNAs, snoRNAs and cryptic
unstable transcripts, which subsequently are degraded by the nuclear
exosome complex [35]. This shows that the poly(A) tails can have
opposite functions within the same cells.
Polyadenylation of mammalian mitochondrial mRNAs was discov-
ered a long time ago [36,37], and one of its functions was to ensure
proper stop codons, because some of the mtDNA-encoded sequences
comprise of U or UA and lack the remaining A's which have to
be added post-transcriptionally. Other functions of mitochondrial
polyadenylation still remain unresolved. Two groups reported the
identiﬁcation of human mitochondrial poly(A) polymerase (hmtPAP)
[38,39]. Silencing of human mtPAP resulted in shortening of poly(A)
tails from about 50 nt to about 8 nt, so the short oligo(A) tails were
still present. The short tails were found to be precursors of the long
ones [40] but the question remains whether they are the product of
the hmtPAP activity or is there another, yet unidentiﬁed oligoadeny-
lating enzyme in mammalian mitochondria? The second question is
what is the function of short and longmitochondrial poly(A) tails? Are
they stability factors or do they play a role in translation? Conﬂicting
results have been obtained by studying the effects of knocking down
the human mtPAP: one report suggested no effects on steady state
levels of mitochondrial mRNAs [39], while another group reported a
decrease of some, but not all mitochondrial mRNAs [38].
Lower level of some (but not all) oligoadenylated mtRNAs [38]
suggests a protective role for human mitochondrial poly(A) tails.
On the other hand, G. Schuster et al. [41] suggested the existence
of polyadenylation-dependent degradation of human mtRNAs. Such
a decay mechanism would operate in parallel with protective
polyadenylation. This hypothesis was based on the observation of
so-called internal polyadenylation of human mtRNAs: the analysis of
truncated mRNAs revealed that they are polyadenylated. We think
it is possible that polyadenylation of aberrant RNAs or processing
Fig. 1. Involvement of the hSuv3p helicase, poly(A) polymerase and polynucleotide
phosphorylase in RNA turnover in humanmitochondria and their interactionwith other
cellular proteins. The putative human mitochondrial degradosome is shown. Human
mtPAP (re-named TUTase-1) was found to take part in histone mRNA decay [44].
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polyadenylating enzyme and not necessarily the “kiss of death” to the
molecules destined for the decay. If the G. Schuster et al. [41] sug-
gestions were true, silencing of hmtPAP should lead to accumulation
of not polyadenylated processing intermediates, which has not been
observed [42]. In addition, the internal polyadenylation model calls
for the presence of mitochondrial endonucleases which have not been
detected so far.
As was mentioned above, a human cell line was constructed,
where degradation of human mitochondrial RNAs is severely
impaired because of the inhibition of the hSuv3p helicase. In such
cells processing intermediates accumulate, although their poly(A)
tails differ in length from 0 to 51 A residues [25]. Such polyadenylated
intermediates exist in wild-type cells, but their abundance is very low.
If one assumes that polyadenylation increases RNA stability in mito-
chondria, it is puzzling that despite the presence of the poly(A) tails,
the half-life of such RNA processing by-products is very short in the
wild-type cells. Therefore it seems that polyadenylation itself is not
sufﬁcient to regulate RNA stability in human mitochondria and the
choice: degrade or not to degrade must depend on additional, yet
unknown factors [43].
5. The mystery of mitochondrial polyuridynylation
The polyuridynylation of human mitochondrial RNAs presents
another puzzle to be solved. Molecules with added poly(U) tails were
reported by two groups [25,42]. In both cases this phenomenon
was related to impaired processing of mtRNA. This may indicate
that polyuridynylation is a distinct process where improperly formed
RNAs are tagged and directed for degradation. Unfortunately no data
are available which enzyme is responsible for this reaction: either
the human mitochondrial poly(A) polymerase can use UTP as the
substrate or a yet undiscovered speciﬁc poly(U) polymerase is active
in mitochondria. The possible involvement of polyuridynylation in
mitochondrial RNA turnover seems to be especially interesting in the
light of new data on oligouridynylation-dependent decay of histone
mRNA in the nucleus and the discoveries of several novel poly(U)
polymerases (TUTases). Interestingly, hmtPAP (re-named TUTase-1)
was found to be required for histone mRNA decay [44], but it is not
clear if the enzyme previously reported to be localized exclusively in
mitochondria, canbe found in the cell nucleus. At present it is not known
what causes the speciﬁcity of the enzyme toward A inmitochondria and
toward U in the nucleus. Recently, polyuridynylation of mitochondrial
RNA has been reported for Chlamydomonas [45] and although we
currently see only isolated fragments of the puzzle, it is tempting to
assume that both polyadenylation and polyuridynylation are evolu-
tionary conserved mechanisms of regulating RNA stability in mamma-
lian mitochondria.
In conclusion, the role of oligo- and polyadenylation and/or
polyuridynylation in human mitochondrial turnover is still far from
clear and more research is needed to complete the picture. Inter-
estingly this may be of importance for studying the inherited extreme
obesity in humans and other mammals: variants of the bovine mtPAP
gene were found to be associated with extreme intramuscular fat
deposition in cattle [46]. This demonstrates that genes involved in
regulating mitochondrial metabolism may affect adipogenesis and
can contribute to development of obesity.
Disturbances in polyadenylation may be also of importance for
human pathology. In one of the patients suffering from inborn mito-
chondrial diseases a microdeletion of mtDNA has been described,
which resulted in the lack of proper termination codon of RNA14, the
ATPase 8- and ATPase 6-encoding bicistronic mRNA [47]. The lower
abundance of the RNA14 carrying truncated tails was suggested to
be a result of translation-dependent deadenylation. Such surveillance
mechanism would be capable of detecting mRNAs without termina-
tion codons and the ﬁrst step of the degradation pathway would bemitoribosome-induced removal of the poly(A) tail followed by 3′–5′
exoribonuclease digestion.
6. The mystery of PNPase
In contrast to the well-documented participation of the hSuv3p
helicase in human mtRNA turnover, the identity of its ribonuclease
partner is still amatter of debate. Since no orthologue of the yeast DSS1
gene exists in mammalian genomes, several research groups were
considering polynucleotide phosphorylase (PNPase) as the candidate.
PNPase can catalyze processive 3′–5′ phosphorolytic RNA degra-
dation and the PNPase gene is present in almost all species ranging
from bacteria, plants and animals, however it is absent in yeast. In
Escherichia coli PNPase is a subunit of a degradosome: an RNA-
degrading complex of several proteins including helicase, endoribo-
nuclease and enolase [48]. Degradation of plant mitochondrial RNA
was shown to be dependent on PNPase acting on poly(A)-containing
RNA molecules [49,50].
Interestingly, in theabsenceof a template PNPase canalso synthesize
RNA adding to spinach chloroplast RNAs heteropolymeric poly(A)-
rich tails, containing all four nucleosides [51,52]. In an E. coli mutant
deleted for a bona ﬁde poly(A) polymerase, the poly(A) tails were
long and also contained non-A nucleosides, added by PNPase [53], in
Streptomyces coelicolor PNPase was found to synthesize poly(A) tails in
vitro [54]. In contrast to the above, PNPase of Bacillus subtiliswas found
not to be responsible for adding heteropolymeric poly(A) tails [55].
Nevertheless, the presence of a signiﬁcant fraction of non-A nucleosides
in the post-transcriptionally synthesized poly(A) tails has been usually
considered as an indication of PNPase activity [45].
Human nuclear-encoded PNPase has a mitochondrial signal peptide
and is localized in mitochondria [56]. Therefore it was considered as a
good candidate for a hSuv3p helicase partner. Indeed, two research
groups showed recently both in vitro binding of PNPase to the hSuv3p,
and in vivo copuriﬁcation of the two proteins [25,57]. In addition, the
knocking down of PNPase results in similar, although weaker pheno-
types as silencing of hSUV3: increased abundance of aberrant RNAs and
elongation of poly(A) tails was reported [42]. These data suggest a
model (Fig. 1) of thehumanmitochondrial degradosomewhich consists
of hSuv3p and PNPase.
The main problem with this model is the fact that PNPase was
found to localize in the mitochondrial intermembrane space (IMS).
This ﬁnding leads to two questions: 1) how the protein residing in the
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putative partner—the hSuv3p helicase are found in the matrix and
2) what is the molecular function of PNPase in IMS where no obvious
RNA substrates seem to be present.
One explanation of this puzzle was proposed by G. Schuster et al.
[42], who suggested that PNPase participates in ﬁne-tuning of the
nucleotide concentration in mitochondria and in regulating mito-
chondrial homoeostasis, therefore affecting RNA metabolism indi-
rectly. In such case a separate, yet undiscovered ribonuclease would
constitute the necessary partner for hSuv3p helicase.
The other possibility is that PNPase is able to shuttle from IMS to
the matrix and to form the degradosome complex with the hSuv3p
helicase. At present no convincing experiment has been performed in
order to prove either of the two models. No data are available if the
two proteins form a complex in the matrix and not after mitochondria
have been disrupted during the experimental procedure. To make the
story even more complex, conﬂicting data have been published on
phenotypes resulting from down-regulation of hmtPNPase. One study
demonstrated that lowering hmtPNPase levels did not affect mito-
chondrial morphology or oxygen consumption [38], but another study
showed signiﬁcant reduction in mitochondrial membrane potential,
fragmentation of mitochondria and lower ATP levels [58], similar
effects were observed in the case of hSUV3 gene silencing [59]. Studies
on mitochondrial RNA metabolism are also confusing: Nagaike et al.
[38] observed elongation of poly(A) tails for some mtRNAs, but the
steady-state levels remained unchanged. In agreement with this,
Chen et al. [58] did not detect any changes in mtRNA abundance. On
the other hand, Slomovic and Schuster [42] reported the presence of
aberrantly processed COX1 mRNA and elongated poly(A) tails of ND3
transcript.
In addition to the studies on participation of PNPase in mtRNA
metabolism, interesting datawere published on its putative functions in
the cytosol. PNPase was found to be strongly up-regulated in senescent
cells and amodel was proposedwhere PNPase regulates the abundance
of c-myc transcript [60]. Recent data indicate that PNPase binds to TCL1
oncoprotein which is an AKT kinase coactivator [61] and is able to
bind to RNA containing 8-Oxo-7,8-dihydroguanine (8-oxoGua), which
suggests that PNPasemight play a role in excluding oxidized RNAs [62].
In summary, more research is needed to solve the molecular
functions of PNPase and its possible role in regulating stability of
mitochondrial RNAs. Interestingly, all three proteins discussed here:
poly(A) polymerase, PNPase and hSuv3p helicase havemultiple locali-
zation in human cells and play important functions outside mito-
chondria (Fig. 1). It remains to be seen if this is a pure coincidence or it
reﬂects the regulating role of mitochondrial metabolism in cellular
metabolism and cell cycle.
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